Annual and seasonal precipitation data for 49 meteorological stations over the period of in Liaoning province were analyzed. Liaoning experienced province-wide decreases in precipitation over the 47-year period, with annual precipitation decreasing by 96% of the stations, followed by 92, 84, 63, and 27%, respectively, for summer, autumn, spring, and winter precipitation. Regional trend analysis confirmed the province-wide decrease, which was detected by the site-specific analysis, but a greater number of significant declines were found for annual, summer, and autumn precipitation for Liaoning province and for three of its four subregions. Four significant cycles with alternation patterns were detected mainly at the time scales of 3-5, 10-11, 20-23, and 31.2 years for each of the four subregions (Liaodong Peninsula, Northeastern Mountain, Western Highland, and Central Plain) and the entire Liaoning province, with the dominant periodicities being 10-11 years. The 10-11-year periodic variation of Liaoning annual precipitation was negatively associated with sunspot activity and positively associated with the East Asian Summer Monsoon (EASM) at the same time scale, while the 31.2-year periodic variation of Liaoning annual precipitation was positively correlated with both the EASM and ENSO activities at the 30-33-year time scale.
Introduction
Global climate has undergone significant and unprecedented changes during the past 100 years [1, 2] . There is increasing evidence that global warming has resulted in an increase in the frequency and severity of precipitation and drought events [3] . Surface precipitation is an important component of the global climate [4, 5] and one of the most important variables in the global hydrological cycle [6] as well as an important indicator in evaluation of water resources. Spatiotemporal trends of precipitation have received increasing attention throughout the world in the past decades [1, [7] [8] [9] [10] [11] [12] [13] . Some' e et al. [10] analyzed spatiotemporal trends in precipitation and concluded that a noticeable decrease in winter precipitation was observed in northern Iran and the coasts of the Caspian Sea. Zhang et al. [11] studied spatial-temporal precipitation in China over the period of 1956 to 2000 and showed that decreasing precipitation prevailed in the spring and autumn, with winter months receiving increased precipitation. Liang et al. [14] reported that the mean annual and summer precipitation decreased in a southeastern to northwestern trajectory throughout a 48-year period (1961 to 2008) over 98 meteorological stations in Northeast China, of which 77 and 80 climate stations showed decreasing annual and summer trends, respectively.
Liaoning province is located in East Asia's monsoon region and has one of the largest climate change rates in the world [15] . Liaoning is also one of the major grain production regions in China and plays a critical role in maintaining national food security. In the backdrop of changing climate and intensifying human activities, province-wide warming trends have been detected in Liaoning [16, 17] , and precipitation is decreased in most of the region [14, 17, 18] . Wide-range decreasing precipitation in Northeast China has resulted in a severe water scarcity problem, which has a negative effect on ecological conservation and agricultural development [14] , and a challenge to China's implementation of its "Plan for Increasing the National Grain Production Capacity by 50 Billion Kilograms (2009 Kilograms ( -2020 ." The accelerated hydrological cycle caused by global warming may further exacerbate the heterogeneous distribution of precipitation and further limit water resources [19] . A better understanding of precipitation variability and its spatiotemporal changes in Liaoning will lead to development of water management policies that could contribute to increasing grain production and maintaining national food security.
Recently, a number of large precipitation studies have revealed the climatic trend characteristics (trend magnitude, direction, and significance, and abrupt behavior) involving Liaoning province [8, [20] [21] [22] [23] and precipitation in Northeastern China [14, 16, 18, [24] [25] [26] . A number of precipitation studies for Liaoning mainly focus on spatiotemporal distribution of precipitation, seasonal precipitation, and extreme precipitation events [27] [28] [29] . However, only a limited amount of research has addressed precipitation trends and periodicities characteristics with high-density time series data for Liaoning. Yang et al. [30] detected seasonal and annual precipitation trends in Liaoning, but data only from 8 meteorological stations were used. The objectives of this study are to (1) characterize site-specific precipitation trends (spatial patterns, significant level, magnitudes, and abrupt behavior), (2) detect whether a consistent pattern of regional trend in precipitation exists at a regional scale, and (3) reveal cycle characteristics of regional precipitation at different time scales and its possible causes. (Figure 1 ), and has a temperate continental monsoon climate with an average annual precipitation of 500-1000 mm.
Materials and Methods
The total area of the province is approximately 145,900 square kilometers in size. Liaoning is also known as the "Golden Triangle" from its shape and strategic location for its commercial and cultural advantages and localization on coast and consists essentially of a central lowland, flanked by mountains to the east and west [31] . Based on the topographical and hydrographic characteristics, Liaoning can be divided into four subregions: Northeastern Mountain and Liaodong Peninsula in the east (also collectively referred to as Eastern Mountain), Western Highland, and Central Plain zone ( Figure 1 ). The Northeastern Mountain subregion is dominated by the Changbai Mountain and Qianshan ranges, which extends into the sea to form the Liaodong Peninsula [31] . Precipitation is highest in the Eastern Mountain while it is lowest in the Western Highland, and the Central Plain receives moderate amount of rainfall (Figure 2(a) ). The spatial pattern of annual precipitation in Liaoning as a whole decreases from the southeast to the northwest (Figure 3 ). The Northeastern Mountain subregion has the largest precipitation in both annual and seasonal rainfall with a mean annual precipitation of 801 mm. The lowest annual precipitation (442 mm) occurs in the Western Highland subregion. The temporal variabilities of annual and seasonal precipitations over the 47-year period are shown in Figure 2 (b). Averaged across the 47 years, the greatest seasonal precipitation is received during the summer, followed by the autumn, spring, and winter, accounting for 65, 18, 14, and 3% of annual precipitation, respectively (Figure 2(b) ). [32] selected for analysis ( Figure 1 ). Missing data are estimated using linear interpolation from neighboring stations when fewer than three consecutive days of precipitation data were missing. The dataset used in the study also included the sunspot number (available at http://www.sidc.be/silso/datafiles), the East Asian Summer Monsoon (EASM) (http://research.jisao.washington.edu/data sets/globalsstenso/), and the Global-SST ENSO index (http:// ljp.gcess.cn/dct/page/1).
Methods

Mann-Kendall Test and Regional Kendall Test. The
Mann-Kendall (MK) nonparametric test is frequently used to quantify the significance of time series trends [33] [34] [35] [36] . Its statistic is calculated as
where is the length of the time series ( 1 , 2 , . . . ) and and are the th and th data point in the time series ( > ), respectively. The variance ( ) of statistic is obtained as
where is the number of tied groups and denotes the number of ties for the th value. A tied group is a set of sample data having the same value [12] . The standardized normal test statistical is calculated as
is the standard normal test statistic in cases where the sample size > 10. A positive or negative value of indicates an upward or downward trend, respectively. In our analysis, MK test is used to detect if a trend in annual and seasonal precipitation series is statistically significant. The significance level of = 0.05 is applied.
Helsel and Frans [35] extended the Mann-Kendall test to take into account multiple stations and multiple observations for each station and referred to this as a Regional Kendall Test. The Regional Kendall Test is a nonparametric test to identify the occurrence of consistent pattern of time series trends across a region. The Regional Kendall Test can be generalized to correlated data using a consistent estimator for the covariance described by Dietz and Killeen [37] .
Theil-Sen Approach.
Theil-Sen's estimator is used to quantify the magnitude of trends and has been widely used in analyzing hydrological time series data [10, 38] . Theil-Sen's estimator can be calculated as
where and are the th and th data point in the time series ( > ), respectively. Theil-Sen's estimator's main advantage lies in the global median used, which makes it more resistant to the effect of extreme values in the time series [38, 39] .
Morlet Wavelet Analysis.
Wavelet transform analysis is a powerful tool for identifying the main periodicity in nonstationary signals [40] and detect variation at different time scales [14, 41] . The wavelet transform for a time series ( = 0, . . . , − 1) is defined as the convolution of with a scaled and translated wavelet ( ):
The Morlet Wavelet function [41] is defined as
where is the time scale, 0 is the nondimensional frequency taken to be 6 for it satisfying the admissibility condition [42] , is the time, is the time interval, and
The real part of ( ) and the modulus square of the Morlet Wavelet (wavelet spectral power), ( ), are extensively used to identify the main vibration periodicities. The real part of the Morlet Wavelet shows signal intensity and phase of different characteristics in different time scales, whereas wavelet spectral power exhibits the strength of the signal on the characteristic time scales [26] . Wavelet spectral power at different scale ( ) can be calculated by
Wavelet variance can be calculated by the sum of the square of wavelet coefficients in time domain:
Sequential Mann-Kendall Rank Statistic Test.
The Sequential Mann-Kendall Rank Statistic (SMKRS) test is used to identify abrupt changes in significant trends [43] [44] [45] [46] . This test sets up a progressive series ( ) and a backward series ( ). If the two series cross each other and then diverge and exceed specific threshold values, then there is a statistically significant trend [47] . The threshold values in this study are ±1.96 ( = 0.05), with the crossing point estimating the year at which the trend begins. SMKRS test has the following four steps:
(1) At each comparison, the number of cases > is counted and indicated by , where ( = 1, 2, . . . , ) and ( = 1, 2, . . . , − 1) are the sequential values in a series, respectively.
(2) The test statistic is calculated by
(3) The mean ( ) and variance var( ) of the test statistic are calculated by
(4) Sequential progressive value can be calculated as
Similarly, sequential backward ( ( )) analysis of the SMKRS test is calculated starting from the end of the series data according to the procedures (1)-(4).
Calculation and Spatial
Interpolation. Four seasons are defined by the standard meteorological definition: spring (March to May), summer (June to August), autumn (September to November), and winter (December to February). The annual and seasonal accumulative precipitation is estimated by summing the daily precipitation data for each of the 49 selected meteorological stations. A prewhitening technique [12] using the sampling lag-1 serial correlation coefficient is applied to the time series before conducting the trend test to eliminate the effect of the autocorrelation of the precipitation time series on the trend estimate. R software is used to implement the algorithms for the five nonparametric methods (MK trend test, Theil-Sen approach, SMKRS test, Regional Kendall Test, and Morlet Wavelet analysis). Among these nonparametric methods, MK trend test and Regional Kendall Test are implemented by the rkt package in R [48] while Morlet Wavelet analysis is conducted by biwavelet package developed by Gouhier [49] . Theil-Sen approach is used to quantify the magnitude of precipitation trend for each of 49 selected meteorological stations (mm year −1 ). The Advances in Meteorology 5 surface interpolation technique (inverse distance weighted algorithm, IDW) is used to produce a spatial map of precipitation and precipitation trends using ArcGIS 10.2. Figure 4 shows the spatial patterns for both annual and seasonal precipitation trend magnitudes and trend significances of each of the 49 selected meteorological stations in Liaoning province. The results demonstrate that 96% (46) of the meteorological stations have negative trends in annual precipitation (Table 1) , among which three stations (Changtu, Xifeng, and Xiuyan) exhibit a statistically significant negative trend, which occurs in Liaodong Peninsula and the southern part of Northeastern Mountain (Figure 4(a) ). Four percent of meteorological stations show nonsignificant positive trends (in Western Highland and Central Plain). Negative trends in annual precipitation are observed for the entire study area (Figure 4(a) ). Liaodong Peninsula and Northeastern Mountain have a greater number of significant negative trends and higher cumulative annual rainfall than Western Highland and Central Plain (Figure 3 ). The slope of the trend magnitudes gradually declines from the southeast to the northwest direction and varied from −4.98 mm year −1 to 0.04 mm year −1 . The most negative trend is measured at Fengcheng station in Liaodong Peninsula (−4.98 mm year −1 ), followed by Xiuyan (−4.75 mm year −1 ), Kuandian (−4.22 mm year −1 ), and Dalian (−3.27 mm year −1 ). Zhao et al. [24] reported that the greatest decrease of annual precipitation was −3.19 mm year −1 at Dalian station, with the small difference mainly attributed to different site densities (the first three stations were not included in their study) and different lengths for the precipitation series. Relative change of precipitation, defined as the absolute change divided by the mean precipitation, is also observed in our study. Relative precipitation does not change the order of the sorted precipitation sequence, and therefore both the statistic of MK test and the significance of time series trend are consistent with the absolute precipitation. Figure 5(a) shows the spatial patterns of relative change in annual precipitation. A dramatic and widespread decrease in annual precipitation is observed, accounting for 11.5% of the mean annual precipitation over the 47-year period. The highest precipitation area, Liaodong Peninsula, has the greatest decrease (about 19.1%), followed by 12.5% in Northeastern Mountain and 10.4% in Central Plain, with the lowest reduction (6.3%) taking place in the lowest precipitation area (Western Highland) ( Figure 5(a) ).
Results and Discussion
Changes in Annual Precipitation.
Abrupt behaviors in annual precipitation are further analyzed using the SMKRS test. The ( ) and ( ) statistics of the SMKRS test experience more than one nonsignificant change point for all stations, but only three significant change points are identified in about 1978 for Changtu, 1969 for Xifeng, and 1967 for Xiuyan, respectively (Figures 6(a)-6(c)). After that, a significant negative trend is detected for all the three stations, which is highly in agreement with the results of the MK test.
Changes in Seasonal Precipitation
. Seasonal precipitation declines the greatest during the summer (1.2 mm year −1 ), followed by the autumn (0.35 mm year −1 ) and the spring (0.09 mm year −1 ), with a weak increase (0.02 mm year −1 ) in winter, while the relative precipitation decreases the highest by 15.2% in autumn over the 47-year period, followed by 15.2% in summer, 12.0% in spring, with 9.1% increase in winter precipitation, as a percentage of the corresponding mean seasonal precipitation (Figures 5 and 6 ). The magnitude of the trends for seasonal precipitation varies dramatically both seasonally and spatially (Figures 4(b)-4(e) ). The spatial distribution of spring rainfall shows a negative trend for 63% of meteorological stations mainly located in the Central Plain subregion, while 37% stations exhibit a positive trend in parts of Northeastern Mountain and Liaodong Peninsula and most of the Western Highland (Figure 4(b) ). There is no significant trend identified in spring precipitation for any of the 49 meteorological stations. Despite the difference in precipitation amounts, the relative precipitation is in good conformity with the absolute precipitation in the spatial distribution (Figures 4(b) and 5(b) ).
Summer is the principal rainy season, accounting for 65% of annual precipitation. Forty-five of the stations (92%) experience a negative trend in summer rainfall (Table 1) , including all of Northeastern Mountain, Liaodong Peninsula, and Western Highland and the majority of Central Plain (Figure 4(c) ). Three precipitation series are detected to have a significant negative trend. Significant negative trends are found in the Dalian station and the other two stations (Xiuyan and Zhuanghe) located at the east part of Liaodong Peninsula, where both the highest annual and summer precipitation (Figure 2(a) ), are largely due to the fact that annual precipitation change primarily comprises the change and occurrence of summer precipitation as reported by Liang et al. [14] . Graphical results of the SMKRS test clearly identify a progressive series and a backward series across each other (in 1968 at Dalian, 1967 at Xiuyan, and 1968 at Zhuanghe) and then diverge and exceed the 95% confidence limit, suggesting a significant negative trend for the three stations with the starting point of the trend being in the 1960s.
A province-wide negative trend is also observed for autumn precipitation. Forty-one (84%) of the stations exhibit a negative trend. The magnitude of the autumn precipitation trends, varying between −1.58 and 0.48 mm year −1 , is considerably lower when comparing with the summer precipitation, while the relative change (15.7% decline) is comparable to the decline (15.2%) in summer precipitation ( Figure 5(d) ).
The result suggests that Liaoning may experience a great potential impacts in the autumn, despite the relatively small decline in absolute precipitation. Three stations, Benxixian, Qingyuan, and Yingkou, experience a significant decline, and the significant change points identified are in about 1977, 1973, and 1974, respectively. Winter is the lowest season in precipitation amount (2.7% of annual precipitation). The trend amplitude is relatively stable across the entire Liaoning and ranges from −0.33 to 0.30 mm year −1 , while the relative change dramatically varies from the 63% increase in the northeast to the 58% decline in the southeast of Liaodong Peninsula ( Figure 5(e) ). The majority of the stations (73%) are dominated by a weak increase trend in winter precipitation, with the other 27% stations showing a nonsignificant decrease (Figure 4(e) ). One location where a significant increase occurred is observed in Yixian station. The precipitation series begins to increase in 1976 and continues increasing until 2006 (Figure 6 (j) and Table 2 ). Table 3 shows Regional Kendall slopes for the regional precipitation for Liaoning and its four subregions at both annual and seasonal time scales. The prevailing provincewide negative trends in annual (−1.51 mm year . Liaodong Peninsula, Northeastern Mountain, and Central Plain show consistent patterns of significant negative regional trends in annual, summer, and autumn precipitation, similar to annual precipitation for Liaoning province. The regional Kendall Test detects more significant declines in regional precipitation at both annual and seasonal time scales compared to the MK test at a site scale. This is because trends of many individual locations in a region that occur in the same direction provide some evidences toward a significant regional trend, even if there is insufficient evidence of trend at site-specific stations [35] . Western Highland, the highest arid subregion, is the most stable region among the four subregions. A significant change for Western Highland subregion is only detected in summer precipitation (−0.93 mm year −1 ) with a 12.4% relative decline over the 47 years. Summer experiences a great decline among the seasonal precipitations, while autumn, comparable to summer, numerically decreases the greatest in the relative precipitation, and both show a significant and consistent decline at the province scale. 
Regional Trend Analysis of Regional Precipitation.
Cycle Analysis of Regional Precipitation.
The real parts of the wavelet transformation coefficients describe the fluctuation characteristics of annual precipitation for the four subregions and for the Liaoning province (Figures 7(a) , 7(d), 7(g), 7(j), and 7(m)). Solid contours represent the positive phase (coefficients of real part are greater than 0) while dotted contours indicate a negative phase. Figures 7(b) , 7(e), 7(h), 7(k), and 7(n) show wavelet transformation variances at different time scales. Wavelet variance reflects the energy of fluctuations over time [40] . Four primary cycles with fluctuating patterns are detected at four time scales (3-5, 10-11, 20-23, and 31.2 years) for all four subregions, and for Regional Kendall test was used to test the consistent pattern of regional precipitation trend. Data followed by " * * " and " * " indicate that significant regional trends are detected at the 99% and 95% probability levels at the regional scales, respectively.
Liaoning. The highest peaks of each wavelet variance curve indicate that the dominant periodicities of the four subregional precipitations, Liaodong Peninsula, Northeastern Mountain, Western Highland, and Central Plain, and Liaoning are 11.0, 10.4, 3.7, 10.4, and 10.4 years, respectively, meaning that the majority (80%) of Liaoning and its subregions are impacted the greatest by the second cycles (10-11) among the four time scales (Figures 7(b) , 7(e), 7(k), and 7(n)). The only exception is Western Highland, whose dominant periodicity is 3.7 years but immediately followed by a 9.8-year cycle (Figure 7(h) ). It is interesting to note that the longest precipitation periodicities for Liaoning region and its different subregions are completely consistent, and these periodicities (31. The causes of long-term variations of the precipitation are complex and may vary depending on the time scale investigated. Correlations between Liaoning regional precipitation, sunspot number, East Asian Summer Monsoon (EASM), and Global-SST ENSO index (ENSO) are analyzed at the four primary cycles (3-5, 10-11, 20-25, and 30-33) during the observed period. In an attempt to identify possible links between them, the Pearson correlation method is used to explain the relationships using the extracted wavelet coefficients at the same or similar time scale. The strongest cycle of sunspot number is detected at 10-11-year time scale, which has a significantly negative correlation with Liaoning annual precipitation at the time scale of the 10-11 dominant periodicity ( Table 4 ). The high correlation coefficient of −0.97 ( < 0.01) indicates that sunspot number explains 94.1% amount of 10-11 periodic variation of the extracted wavelet coefficients of Liaoning annual precipitation at the 10-11 times scale, which is highly supported by synchronized and negative phase relationship between Liaoning annual precipitation and sunspot number (Figure 8(a) ). In contrast, the EASM also shows a significantly positive correlation with Liaoning annual precipitation at the 10-11-year time scale, with a relatively low coefficient of 0.54 ( < 0.01), indicating that they are basically in phase (Figure 8(b) ). These results, therefore, suggest that the 10-11 periodic variation of Liaoning annual precipitation is negatively associated with sunspot activity ( < 0.01) and positively associated with the EASM ( < 0.01). However, the 30-33 periodic variation of Liaoning annual precipitation is positively associated with both the EASM and the ENSO at the 30-33-year time scale; the correlation coefficients are 0.36 for the EASM and 0.31 for the ENSO, both passing the < 0.05 significant level ( Table 4) . The causes for 3-5-and 20-23-year periodic variation for Liaoning annual precipitation are not clear.
Conclusions
In this paper, we systematically explored the trend and cycle characteristics of Liaoning province precipitation at different time and spatial scales. Seasonal precipitation declines the greatest during the summer (1.2 mm year −1 ), followed by autumn (0.35 mm year −1 ), and spring (0.09 mm year −1 ), with a weak increase (0.02 mm year −1 ) in winter, while the relative precipitation decreases the highest by 15.2% in autumn, followed by 15.2% in summer, 12.0% in spring, with 9.1% increase in winter precipitation over the 47-year period. Province-wide negative trends have taken place at 96% of meteorological stations for annual precipitation, followed by 92%, 84%, 63%, and 27% at a site scale during the summer, autumn, spring, and winter, respectively. Three stations for each of the annual, summer, and autumn periods show a significant negative trend while one station during the winter shows a significant positive trend. Regional trend analysis confirms the province-wide decrease in annual, summer, autumn, spring precipitation for Liaoning province. Significant negative trends are consistently observed for three of its four subregions, especially for summer, autumn, and annual precipitation. These province-wide negative trends are consistent with the results obtained using the Regional Kendall Test. However, in contrast to the results of site-specific analyses and the previous studies [14, 17, 50] , our results reveal that precipitation from a regional view shows more significant and frequent declines in Liaoning, as compared to the site-specific analyses. Regional precipitation for a specific subregion (e.g., summer precipitation in Northeastern Mountain, Western Highland, and Central Plain in Figure 4(c) ) where the significant trend is not detected for any individual station, nevertheless, shows a significant regional trend (Table 3) , which is consistent with the findings reported by Helsel and Frans [35] . Widespread and consistent change in precipitation can be significant and can result in severe impacts on agriculture practices, water management policies, and even ecological conservation and agricultural development, even when changes are not statistically significant for any individual site within a subregion or region. Yue and Hashino [51] and Palizdan et al. [52] also reported that analysis using the regional trend analysis is superior to using the site-specific analysis, due to its better representation over a wide area, especially for global or regional phenomena such as climate change. These findings confirm the regional trend analysis using the Regional Kendall Test which is superior to site-specific analysis and imply a potentially increased risk for drought in Liaoning, especially for the summer and autumn seasons from a regional perspective. The significant province-wide decrease in precipitation (−1.4 mm year −1 ) in particular summer precipitation is likely linked with the weakened northeast Asian summer monsoon caused by warming sea surface temperature in the North Pacific and the shift of the Pacific Decadal Oscillation [14, 53, 54] . Another possible cause for decreased precipitation in Liaoning is the changes in arctic sea ice cover, which weakened water vapor transport [53] . In addition, during the East Asian Summer Monsoon, the increased Pacific high force gradually moves northwards and the moist southeast monsoon moves northwards along the west side of the high pressure. Coupled with the impact of the Eastern Mountain area of the Changbai mountain slope terrain, these monsoon activities result in significant differences in precipitation from Southeast to Northwest in Liaoning province [29] .
Wavelet analysis suggests that there are four significant cycles of precipitation variability mainly at time scales of 3-5, 10-11, 20-23, and 31.2 years for each of the four subregions and for Liaoning province as a whole. Except for Western Highland, the strongest signals for the other three subregions and for Liaoning province are all at a 10-11-year time scales, center around 1989-1992, and cover throughout the entire time domain. The periodicity of monsoon is intra-annual and may be associated with sunspot, EASM, and ENSO activities, and many studies have reported that sunspot, EASM, and ENSO affect the monsoon precipitation [32, 53, 54] . Our results suggest that the 10-11 periodic variation identified in Liaoning annual precipitation is likely linked with sunspot and the EASM activities at the 10-11-year time scale, although the mechanism is still not understood. The significant precipitation-sunspot relation at the 10-11-year time scale is in agreement with previous studies [32] . And the significant precipitation-EASM relation is confirmed by the finding of Han et al. [53] , who have reported that the EASM index is closely correlated with summer precipitation, in particular on the decadal time scale after detrending ( = 0.74). Because the Mongolia low and East Asian trough is strengthened as trough activity increases over the Northeast China, a strong EASM generally accompanies strong ascending motion and a convergence of water vapor flux.
